1 The entorhinal cortex (EC), main input structure to the hippocampus, gets innervated by serotonergic terminals from the raphe nuclei and expresses 5-HT-receptors at high density. Using extra-and intracellular recording techniques we here investigated the eects of serotonin on population and cellular responses within the EC. 2 Stimulation in the lateral entorhinal cortex resulted in complex ®eld potential responses in the super®cial EC. The potentials are composed of an early antidromic and a late orthodromic component re¯ecting the eerent and aerent circuitry. 3 Serotonin (5-HT) reduced synaptic potentials of the stimulus evoked extracellular ®eld potential at all concentrations tested (0.1 ± 100 mM; 59%-depression by 10 mM serotonin), while the antidromic response was not signi®cantly changed by up to 50 mM 5-HT. Depression of ®eld potential responses by serotonin was associated with a signi®cant increase in paired-pulse facilitation from 1.15 to 1.88. 4 The eects of serotonin on ®eld potential responses were mimicked by 5-HT 1A -receptor agonists (8-OH-DPAT, 5-CT) and partially prevented by the 5-HT 1A -receptor antagonist (S-UH-301). Moreover, the 5-HT 1A -receptor antagonist WAY100635 reduced the eect of 5-CT. 5 Fen¯uramine, a serotonin releaser, mimics the eects of serotonin on stimulus-evoked ®eld potential responses, indicating that synaptically released serotonin can produce the changes in reactivity to aerent stimulation. 6 Depression of isolated AMPA-receptor mediated EPSCs by serotonin as well as fen¯uramine was associated with an increase in paired pulse facilitation, indicating a presynaptic locus of action. 7 We conclude that physiological concentrations of serotonin potently suppresses excitatory synaptic transmission in the super®cial entorhinal cortex by a presynaptic mechanism.
Introduction
The entorhinal cortex (EC) is the major gateway for sensory information both to and from the hippocampus (Alonso & KoÈ hler, 1984) . Far from simply being a passive funnel for these in-and outputs, it is becoming clearer that the EC has its own active properties that contribute to signal processing (Insausti et al., 1993; Jones, 1993) . The perforant path, which originates in the super®cial layers of the EC provides an input from layer II cells to the dentate gyrus and CA3 regions and from layer III cells to CA1 and the subiculum (Steward & Scoville, 1976) .
In addition to the large amount of information from the cortical mantle the EC receives numerous aerents from brain stem regions. The serotonergic system attracts attention in two terms. First, the cells of the super®cial layers of the EC receive a strong serotonergic projection from the raphe nuclei (Bobillier et al., 1975) and also express a high density of 5-HT receptors . Second, the EC shows characteristic lesions in certain forms of schizophrenia, Alzheimer's and Korsakow's disease which are associated with changes in serotonergic transmission and serotonin turnover (Langlais et al., 1987; Tejani-Butt et al., 1995) . Therefore, we here investigated the eects of serotonin on neuronal activity in the super®cial layers of the entorhinal cortex.
Methods

Slice preparation
Horizontal slices containing the hippocampus, entorhinal, perirhinal and temporal cortices were prepared from adult Wistar rats (46 weeks; 180 ± 250 g). In brief, the animals were deeply anaesthetized with ether, decapitated and the brain removed. Tissue blocks containing the temporal cortex and hippocampus were mounted on a Vibratome (Campden Instruments, Loughborough, U.K.) in a chamber ®lled with cold (*48C) arti®cial cerebrospinal¯uid, ACSF, containing (in mM): NaCl, 129; NaHCO 3 , 21; KCl, 3; NaH 2 PO 4 , 1.25; CaCl 2 , 1.6; MgSO 4 , 1.8; glucose, 10, saturated with 95% O 2 -5% CO 2 , pH 7.4. Horizontal slices were cut at 400 mm thickness and transferred to an interface chamber where they were maintained at 358C and perfused with ACSF at a rate of 1.5 ± 1.8 ml min 71 . The slices were allowed to rest for at least 1 h after the preparation before recording.
Electrophysiological recordings
For extracellular ®eld potential recordings, electrodes were pulled from borosilicate glass (o.d.: 1.5 mm or 2.0 mm) and ®lled with 154 mM NaCl. Intracellular electrodes were pulled from borosilicate glass (o.d.: 1.2 mm) and ®lled with 2 M Kacetate and 50 mM of the lidocaine derivate QX-314 (blocker of Na + -and K + -channels). Electrode resistances were especially low (20 ± 50 MO) to enhance the diusion of QX-314. Extraand intracellular recordings were performed in an interface chamber using a home-made ion-sensitive ampli®er and a SEC10L-ampli®er (NPI Instruments, Tamm, Germany), respectively. The presence of QX-314 led to a blockade of action potentials in the cells 2 ± 10 min after impalement. In voltage clamp experiments the cells were at ®rst clamped close to resting membrane potential, the gain, capacity compensation and switching frequency (20 ± 38 kHz) were then optimised. The head stage voltage was continuously monitored and always fully decayed before the next current injection during a I R duty cycle. Clamp eciency estimated from the dierence between the clamped and unclamped EPSP ranged from 85 ± 93% (89.2+1.4%). Compound polysynaptic potentials were evoked by electrical stimulation (0.05 ms duration, 1 ± 30 V) at 0.1 ± 0.5 Hz via a bipolar insulated stimulation electrode placed in the lateral entorhinal cortex. We used a stimulation intensity of 70 ± 80% of that required to evoke maximal amplitude response. The signals were ®ltered at 3 kHz, digitised at 8 ± 10 kHz by a CED 1401 (Cambridge Electronic Design, Cambridge, U.K.) or an ITC-16 (Instrutech Corp. NY, U.S.A.) interface and subsequently stored on an IBM-compatible computer.
Drugs and solutions
Drugs were bath-applied at the concentrations indicated. Bicuculline methiodide (5 mM), fen¯uramine (FFA, 200 mM) and 5-hydroxytryptamine creatine sulphate complex (5-HT, 0.1 ± 100 mM) were purchased from SIGMA (Deisenhofen, Germany). (+)-2-amino-5-phosphonopentanoic acid (APV, 60 mM), (+)8-hydroxy-2-(di-n-propylamino)tetralin HBr (8-OH-DPAT, 10, 100 mM), CGS-12066A maleate (10 mM), 2-methyl-5-hydroxytryptamine maleate (50 mM), amethyl-5-hydroxytryptamine maleate (50 mM), 5-carboxamido-tryptamine maleate (5-CT, 1, 10 mM), S-5-¯uoro-8-hydroxy-DPAT hydrochloride (S-UH-301, 20 mM), ritanserin (10, 100 mM), clozapine (10, 100 mM), methysergide maleate (10 mM) and WAY100635 (40 mM) were all from Research Biochemicals (Natick, MA, U.S.A.).
1,2,3,4-tetrahydro-6-Nitro-2,3-dioxo-benzol[f]quinoxaline-7-sulphonamide (NBQX, 10 mM) was a kind gift from Novo Nordish (Denmark) and CGP55845A (2 mM) was a kind gift from Ciba-Geigy (Basel, Switzerland).
Data analysis and statistics
Data were analysed o line using Sigavg (CED, U.K.) or Wintida (HEKA, Germany). Amplitudes of the complex ®eld potentials were measured at dierent times after the stimulation artefact (see Results). Percentage changes were analysed for the anti-and orthodromic potentials. The orthodromic response was analysed as the sum of the second negative response and the late positive component (see Results and Figure 2 ). Data are expressed as mean+standard error of the mean. Drug eects were analysed with Student's t-test (Sigmaplot, Jandel, Corte Madera, U.S.A.) for paired data and an error probability of P50.05 was regarded as signi®cant.
Results
Eects of serotonin on stimulus-induced ®eld potentials in the super®cial EC Stimulation in the lateral entorhinal cortex resulted in complex ®eld potential responses in the super®cial layers II and III of the medial entorhinal cortex. These potentials are composed of anti-and orthodromic components re¯ecting the eerent and aerent circuitry of the super®cial EC (Figure 1 ). An early negative component peaked at 2.9+0.2 ms from the stimulus artefact while a second negative response was measured at 5.8+0.3 ms and a late slow positive component at 12.3+0.5 ms. Application of the glutamate-receptor antagonists NBQX and APV blocked both the second negative and the late positive components while the early negative component was unchanged (n=4). Experiments with the NMDA-receptor antagonist APV alone (n=6) resulted in a selective reduction of the late positive response (from 0.34+0.1 mV to 0.1+0.04 mV; P50.05, Student's paired ttest), whereas the early (71.2+0.2 mV to 71.3+0.2 mV, P=0.3) and the second (71.5+0.2 mV to 71.6+0.3 mV, P=0.5) negative responses were not signi®cantly changed. The selective AMPA-antagonist NBQX markedly reduced both the second negative component (71.7+0.2 mV to 70.1+0.03 mV, n=5, P50.05) as well as the late positive response (0.34+0.1 mV to 70.04+0.04 mV, P50.05) whereas the early negative component was not signi®cantly changed (71.2+0.2 mV to 71.1+0.4 mV, P=0.5, Figure 1) .
We tested the eect of serotonin on the complex ®eld potentials in a concentration-range of 0.1 ± 100 mM in 40 slices. Serotonin dose-dependently reduced the second negative response and the later positive component, while the early negative response was not signi®cantly changed by up to 50 mM 5-HT. This component was only signi®cantly aected at a concentration of 100 mM 5-HT. The dierential eects of serotonin on the antidromic and orthodromic responses are illustrated in detail in Figure 2 .
Pharmacology of the serotonin eect
In order to identify the subtype of the 5-HT-receptor mediating the depression of ®eld potential responses we applied various speci®c agonists: 8-OH-DPAT and 5-CT (both agonists of the 5-HT 1A/7 -receptor), CGS-12066 (5-HT 1B ), a-methyl-5-HT (5-HT 2/1C ) and 2-methyl-5-HT (5-HT 3 ). However, only 8-OH-DPAT (10, 100 mM) and 5-CT (1, 10 mM) mimicked the eect of 5-HT ( Figure 3A and Ba). In contrast, all other speci®c agonistic drugs (CGS-12066, a-methyl-5-HT, 2-methyl-5-HT) were unable to mimic the serotonin eect (n54 for each substance, P50.1, see histograms in Figure 3B ). This result suggests that 5-HT 1A -and/or 5-HT 7 -receptors are involved in the eect of serotonin. The 5-HT 7 -receptor is a recently identi®ed 5-HT-receptor subtype (Lovenberg et al., 1993; Ruat et al., 1993) , which has an agonist pro®le closely related to the 5-HT 1A -receptor (Lovenberg et al., 1993; Ruat et al., 1993) . Binding pro®les of the 5-HT 7 -receptor revealed high binding anities for several antagonists, for example clozapine, ritanserin and methysergide (Lovenberg et al., 1993; Ruat et al., 1993 ). Therefore, we tested the possible antagonism of these drugs. Methysergide was applied at 10 mM, while clozapine and ritanserin were applied at 10 and 100 mM. However, none of the drugs could antagonize the eect of serotonin (n53 for each substance and each concentration; P50.1, Figure 3Bb ). On the other hand, co-application of S-UH-301 (20 mM), a highly potent and selective 5-HT 1A -receptor antagonist, with 5-HT (10 mM) reduced the eects of serotonin from 52 to 28%-reduction (n=5, P50.05, Figure 3Bb) . Moreover, the 5-HT 1A -receptor antagonist WAY100635 reduced the eect of 5-CT (10 mM) signi®cantly from 69 to 36%-reduction (n=5, P50.05, Figure 3Bc ).
Eects of synaptically released serotonin
One way to verify if the eect of 5-HT could be ascribed to a physiological release of serotonin from synaptic terminals we used a selective 5-HT releaser ± fen¯uramine (FFA). 200 mM FFA mimicked the eect of serotonin on stimulus-evoked ®eld potential responses in the entorhinal cortex in vitro. The ®eld potential responses were reduced from 1.35+0.13 mV to 0.67+0.06 (=50.4%-reduction, P50.01) and recovered partially after washout to 1.2+0.09 mV (Figure 4) . These eects were observed in 6 out of 8 slices. In the presence of the 5-HT 1A -receptor antagonist WAY100635 the eect of fen¯uramine was reduced to 26+2.8%-reduction. A striking feature in these kind of experiments was, that the eects of FFA were far slower to develop than the eects of 5-HT (see also Figure 6 ). 
Eects of serotonin on paired pulse facilitation
To characterize the eect of serotonin on paired-pulse facilitation of stimulus-evoked ®eld potential responses we applied two stimuli of identical strength with an interval of 50 ms. Under control conditions, the ratio (f.p.2/f.p.1) of the paired stimulus-evoked ®eld potentials varied from slice to slice between 0.96 and 1.6 with a mean of 1.15+0.07. Following application of serotonin the paired pulse ratio signi®cantly increased to 1.88+0.15 (P50.001, n=9, Figure  5 ). After washout the ratio recovered to a value of 1.09+0.09. An altered paired pulse ratio of complex ®eld potential responses might not be exclusively indicative for a presynaptic mechanism, since the dierent components of a complex shaped ®eld potential show dierent paired pulse characteristics (Clark et al., 1994) . Therefore, we characterized the eects of serotonin on paired pulse facilitation on isolated a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptor (AMPAR)-mediated excitatory postsynaptic currents, in which changes in the paired pulse ratio are believed to be solely presynaptic (Clark et al., 1994) . Due to the fact that the eects of serotonin are critically dependent on the intracellular milieu, we made intracellular recordings from neurones of layer II and III of the medial entorhinal cortex in switched electrode voltage clamp mode and in the presence of APV, bicuculline and CGP55845A. The cells were held at a potential of 780 mV with a mean holding current of 7196+44 pA and had an input resistance of 119+30 MO (n=8, Figure 6 ). Following application of serotonin the holding current and the input resistance did not change signi®cantly to 7206+42 pA and 127+30 MO. When two stimuli of identical strength were applied in close succession (interstimulus-interval: 50 ms) the paired pulse ratio (EPSC2/EPSC1) varied from cell to cell between 1.09 and 1.55. Following application of serotonin (10 mM) the reduction of the isolated AMPAR-mediated currents (from 7495+119 pA to 7209+65 pA; P50.001, n=8) were accompanied by a signi®cant increase in the paired pulse ratio from 1.29+0.05 to 1.68+0.09 (P50.001; n=8). A similar result could be observed in three out of four cells with fen¯uramine, where the AMPA-EPSC reductions (55+13%) were accompanied with an increase in the paired pulse ratio from 1.2+0.08 to 1.6+0.1.
Discussion
In this study we have shown that serotonin reliably reduced stimulus-evoked ®eld potential responses in the medial entorhinal cortex. The synaptic potentials of the response were aected by serotonin concentrations as low as 0.1 mM, while the antidromic early response were only aected with a concentration 450 mM. The eect was mimicked by the 5-HT 1A -receptor agonists 8-OH-DPAT and 5-CT and was partially reduced by the 5-HT 1A -antagonist S-UH-301. We suggest that the mechanism is presynaptic since 5-HT signi®cantly enhanced paired pulse facilitation of both ®eld potential responses as well as isolated AMPA-receptor mediated EPSCs. In addition we provide evidence that Figure 5 In¯uence of 5-HT on paired pulse facilitation of stimulusevoked ®eld potential responses. Note that the ®rst response is stronger aected than the second response, yielding in an increase in the paired pulse ratio following the application of 5-HT. Figure 6 Eects of serotonin and fen¯uramine (FFA) on AMPAreceptor mediated EPSCs and paired pulse facilitation. (A) AMPAreceptor mediated EPSCs were evoked by stimulating synaptic ®bres in the presence of APV, bicuculline and CGP55845A. 5-HT and fen¯uramine depressed both AMPA-receptor mediated EPSCs. In the lower panel the ®rst EPSCs under 5-HT and FFA have been scaled to match the size of the ®rst EPSCs under control and wash, respectively. Note that the second EPSC is enhanced. (B) Plots of the time course of the ®rst EPSC, the paired pulse ratio, holding current and input conductance. Note that following the application of serotonin EPSC-amplitude and paired pulse index were signi®cantly changed, while holding current and input conductance were not aected.
synaptically released 5-HT can mimic the eects of exogeneously applied serotonin.
Composition of stimulus-evoked ®eld potential responses within the super®cial entorhinal cortex
Mimicking the activation of one of the pathways on super®cial entorhinal cortex neurones by stimulation in the lateral entorhinal cortex resulted in multiphasic complex ®eld potential responses. Two early negative components, a late and slow positive response and in some occasions a third negative response can be dierentiated. The obvious experiment for interpretation of pharmacological eects on ®eld potential responses is to record both intra-and extracellular potentials simultaneously from the same site. However, since there are many dierent cell types within the super®cial entorhinal cortex (Lorente de NoÂ , 1933; Alonso & Klink, 1993; Jones, 1994; Gloveli et al., 1997a) with dierent synaptic responses upon electrical stimulation (Jones, 1994; Gloveli et al., 1997a,b) , we will here only state that the application of the glutamate-receptor antagonists NBQX and APV blocked both the second negative and the late positive components while the early negative component was unchanged. Therefore, the ®rst negative response most likely re¯ects an antidromic activation upon electrical stimulation.
Serotonin potently depresses the synaptic components of stimulus-evoked ®eld potential responses in the super®cial entorhinal cortex Serotonin dose-dependently reduced both synaptic components of the stimulus-evoked ®eld potential responses in the super®cial EC. Even concentrations tested down to 0.1 mM were eective (see Figure 2) . In contrast, the early negative response of the ®eld potential, which most likely re¯ects an antidromic activation, was only aected by much higher concentrations of serotonin (100 mM) and to a much smaller extent. Therefore, one can conclude that the main eect of serotonin in the EC is linked to a depression of excitatory synaptic transmission and is not due to alterations of intrinsic properties.
In order to identify the subtype of the 5-HT-receptor mediating the depression of ®eld potential responses we applied various speci®c agonists and antagonists for dierent subtypes of 5-HT-receptors with the highest densities for the entorhinal cortex. However, only the 5-HT 1A/7 -receptor agonists 8-OH-DPAT and 5-CT could mimic the eect of serotonin, while the speci®c agonists for 5-HT 1B -, 5-HT 2C -or 5-HT 3 -receptors were ineective. Since 8-OH-DPAT as well as 5-CT bind with high anity to 5-HT 1A -and 5-HT 7 -receptors (Lovenberg et al., 1993; Ruat et al., 1993) and the limbic structures express signi®cant levels of both 5-HT-receptor subtypes Lovenberg et al., 1993; Ruat et al., 1993) , we tested both 5-HT 1A -and 5-HT 7 -receptor antagonists. However, the eects of serotonin or 5-CT were only antagonized by 5-HT 1A -receptor antagonists (S-UH-301, WAY100635) and was not aected by the three dierent 5-HT 7 -receptor antagonists (methysergide, clozapine, ritanserin) tested. These results suggest that activation of the 5-HT 1A -receptor is most likely responsible for the depression of ®eld potential responses. However, since the eects of serotonin and 5-CT were only partially antagonized by the 5-HT 1A -receptor antagonists and the 5-HT 1A -receptor agonists 8-OH-DPAT and 5-CT were only eective in relative high concentrations, it is feasible that the eect is mediated by an additional 5-HT 1A -receptor subtype (Liu & Albert, 1991) , which is only partially sensitive to the commonly used agonists and antagonists.
Locus of action
Several mechanisms might account for the eect of 5-HT. One important issue is the question what is a primary and what are secondary eects of serotonin. The 5-HT-induced decrease in input resistance associated with a K + -conductance increase could shunt the membrane and prevent EPSP-propagation from remote dendrites to the soma. However, we have recently shown that this is not an issue for the depression of excitatory synaptic currents within the EC (Schmitz et al., 1998) . In addition, we here demonstrate that the synaptic potentials were particularly sensitive to serotonin, while the antidromic component was only aected by much higher concentrations and then only to a small extent. Moreover, our intracellular recordings with low resistance electrodes and high concentrations of QX-314 (blockade of 5-HT-induced outward currents) demonstrate that the serotonin eect was not accompanied by changes in holding current and intrinsic membrane conductance increases. Therefore, our data can largely exclude any postsynaptic mechanism underlying the serotonin eect on synaptic ®eld potentials and EPSCs. Moreover, our experiments on paired pulse facilitation on ®eld potential responses and even stronger on isolated AMPA-receptor mediated EPSCs revealed that serotonin signi®cantly enhanced the paired pulse ratios, a result consistent with a presynaptic locus of action for serotonin (Zucker, 1989; Clark et al., 1994) . This and the reduction of the frequency of miniature EPSCs (Schmitz et al., 1998) makes it very likely that serotonin suppresses the release of glutamate from synaptic terminals.
In summary, our data describe strong depressant eects of serotonin on the super®cial layers of the entorhinal cortex. Therefore, serotonin might modulate not only excitability of the mEC but also in¯uence synaptic plasticity and prevent neurotoxic eects of glutamate in this area. This is of speci®c interest because the entorhinal cortex shows a high degree of synaptic plasticity (Alonso et al., 1990; Insausti et al., 1993; Jones, 1993) , which may relate not only to learning and memory but also contribute to various forms of disease (Langlais et al., 1987; Tejani-Butt et al., 1995; Schmitz et al., 1997) . We are aware that studies in vitro may not accurately re¯ect the situation in vivo where the release of 5-HT will depend upon the activity within the raphe nuclei. In addition, the concentrations of 5-HT used may be very dierent from those encountered in vivo. However, previous studies have shown that full equilibration of applied drugs within slices takes at least 1 h (MuÈ ller et al., 1988) . We recorded after only 5 ± 8 min of wash-in and together with 5-HT uptake and oxidation mechanisms the nominal concentrations of 5-HT were considerably more than actually`seen' by the neurones. Interestingly, the 5-HT releasing drug fen¯uramine, which so far has been mostly used in in vivo experiments, could mimic in our experiments the eects of serotonin on ®eld potential responses as well as on AMPA-EPSCs. These experiments ®rstly indicate that serotonergic ®bres functionally survive in our in vitro slice preparation and secondly that 5-HT released from its stores is capable of mimicking the eects of exogenous application of 5-HT. 
